Abstract Immunosenescence is characterized by phenotypic and functional changes of effector memory T cells. In spite of the well-described senescent defects of these experienced T cells, immune responses to new pathogens are also deeply affected in elderly humans, suggesting that naive T cells could also show age-related defects. It has been reported in both, animal models and humans, alterations of the naive T cell turnover associated to advanced age or low thymic function. However, as far as we know, homeostatic mechanisms involved in the deregulation of naive T cell peripheral dynamics and their consequences are still not well understood. Thus, the aim of our study was to analyze homeostatic parameters of peripheral naive T cells and their relationship with thymic function in young and elderly humans. Our results show that lower naive T cell numbers were associated with a lower thymic function and higher activation and proliferating naive T cell levels. We then analyzed sjTREC numbers and relative telomere length from sorted naive T cells. Our results show that the aberrant activation and proliferation status was related to lower sjTREC numbers (a peripheral proliferation marker) and both, higher CD57 expression levels and shortened telomeres (replicative senescence-related markers). Elderly individuals show a greater contraction of the CD8 naive T cell numbers and all homeostatic alterations were more severe in this compartment. In addition, we found that low functional thymus show a CD4-biased thymocyte production. Taken together, our results suggest a homeostatic deregulation, affecting mostly the naive CD8 T cell subset, leading to the accumulation of age-associated defects in, otherwise, phenotypically naive T cells.
Introduction
Immunosenescence includes all age-related changes in the immune system (Aw et al. 2007; Gruver et al. 2007) . Thymic involution causes a continuous drop in the recent thymic emigrants (RTEs) output (Chiodi 1940; Haynes et al. 2000) , while homeostatic mechanisms attempt to maintain constant peripheral T cell numbers (Almeida et al. 2005) . T cell aging alterations involve phenotypic changes (Junge et al. 2007; Czesnikiewicz-Guzik et al. 2008 ) and diminished function (Aspinal 2003; Linton and Dorshkind 2004) . Effector memory T cells show proliferation defects, replicative senescence-related markers, as CD57, and shorter telomere length (Pawelec et al. 2004) . Aberrant immune activation, due to cytomegalovirus (CMV) infection, seems to drive these alterations (Pawelec et al. 2006) .
In spite of the widely described effector T cell defects, elderly immune responses to new pathogens are more affected than responses to previously encountered ones (Miller 1996; Akbar and Fletcher 2005) suggesting naive T cells age-related defects. Some studies have described alterations of the naive T cell turnover but whether aging influences the naive pool is only partially understood.
Along this line, the correlation between the agerelated contraction of naive T cells and the rise of the naive CD8 T cell proliferation in primates has been reported, while mouse models have shown naive T cell activation in absence of thymic output (CicinSaint et al. 2007; Bourgeois et al. 2008) . In humans, CD4-increased naive T cells proliferation has been reported in people over 65 and thymectomized children (Naylor et al. 2005; Prelog et al. 2009 ). The partial lymphopenia due to the loss of thymic function is believed to increase these proliferation rates (Kohler and Thiel, 2008; Nickolich-Zugich 2008) . Moreover, percentage of CD4 + CD31
+ RTEs diminishes with age, while the percentage CD31 − nonRTEs remains constant; suggesting that peripheral mechanisms could be influencing naive T cells dynamics (Kilpatrick et al. 2008) . On the other hand, naive T cells transferred into T cell-deficient hosts proliferate until the replenishment of the peripheral T cell pool (Ernst et al. 1999 ). This proliferation, driven by the sense of an immune space due to high survival signals and loss of MHC contacts (Takada and Jameson, 2009) , can be avoided when adding a higher concentration of competitor T cells (Jameson 2002; Li et al. 2007 ). All these data suggest a relationship between the loss of thymic output and peripheral dynamics of naive T cells. However, homeostatic mechanisms involved in this deregulation are still only partially understood. Thus, the aim of this study was to analyze homeostatic parameters of peripheral naive T cells and their relationship with the remaining thymic function in elderly humans.
Materials and methods
Study subjects Twenty-eight consecutive individuals who underwent cardiac surgery (valvular repair or ischemic cardiopathy) at Virgen del Rocio University Hospital in Seville, Spain, between May 2007 and March 2008 were included. Thymic tissue and peripheral blood samples were simultaneously collected from each individual. The median age of this group was 69.1 years (interquartile range (IQR; 61.0-74.6) and all of them were over 50 years. Peripheral blood samples were collected in the same period of time from 16 young healthy volunteers (median age= 32.8 years, IQR (28.1-42.1)). Since 50 years old has been considered a critical period in thymic functionality (Nobile et al. 2004) , the young control group was selected under 50 years. None of the study subjects had received any treatment that could influence their immune status and there were no clinical data of active infections, including an HIVnegative test. All of them signed an informed consent and the study was approved by the Ethical Committee of the Hospital.
Thymocytes and peripheral blood mononuclear cells isolation Thymic tissue samples were extracted during cardiac surgery procedures and immediately processed. As previously confirmed, the aged thymus in these subjects remained clearly distinguishable despite the adipose tissue of the mediastinum. The existence of Hassall's Corpuscles even in tissues showing 0% DP guarantee the accuracy of thymus identification and representative sample taking (Ferrando-Martinez et al. 2009 Cell sorting Cryopreserved PBMCs were stained using anti-CD45RA FITC, anti-CD4 PE, anti-CD27 PE-Cy5 and anti-CD8 PE-Cy7 monoclonal antibodies (Becton Dickinson, San Jose, CA). Naive CD8 ( Signal-joint T cell Receptor Excision Circle levels Signal-joint T cell Receptor Excision Circle (sj-TREC) numbers were analyzed in sorted naive T cells. Deltadeletion TRECs formed by δRec-ψJα rearrangement were amplified and quantified by real-time polymerase chain reaction (PCR) using fluorescently labeled oligonucleotides as reporter probes in a 20 μL PCR reaction using the Light-Cycler® 2.0 (Roche Diagnostics, IN) as previously described (Douek et al. 1998) . TREC abundance was normalized to cell number by amplification of β-globin with the GH20 and PC04 primers (Bauer et al. 1991) . Serial dilutions of plasmid clones containing TRECs or β-globin were run to generate standard curves (Franco et al. 2002) . Data were expressed as TRECs per naive T cell using mean values from triplicate assays for TRECs and duplicate assays for β-globin.
Relative telomere length quantification Naive T cell telomeric sequences were amplified by real-time PCR using the Light-Cycler® 480 as described elsewhere (Cawthon 2002; Kilpatrick et al. 2008) . Isolated cord blood naive T cells and a no-template control were included in each PCR. β-globin quantification was used to normalize DNA amounts. Samples lengths are expressed as percentage of cord blood naive T cells length. 
Statistical analysis

Results
Age-related changes of the T-lymphocytes subsetsForty-four individuals were analyzed and divided in two groups (<50 and ≥50 years) according to their ages. Characteristics of the cohort are summarized in Table 1 . In the elder group, CD8 absolute counts showed a significant reduction, whereas CD4 T cells numbers were similar.
CD4 and CD8 T cells were then isolated and Tlymphocyte subsets were analyzed, by flow cytometry, as shown in Fig. 1a (Fig. 1b) . The peripheral naive to memory T cell ratio from elder individuals was decreased in both, CD4 and CD8 subsets but, once again, the contraction was greater in CD8 T cells (Fig. 1c) . Decrease in the naive/memory ratio could be explained by increased percentages of memory T cells but also by a naive T cell drop. In our cohort, memory T cells were not increased in elder individuals (data not shown). However, naive T cells showed a steep drop with age. As expected after the naive/ memory results, the decrease was higher in the naive CD8 T cell compartment (Fig. 1d) .
Analysis of naive T cells homeostatic parameters
Results showed a strong age-related naive T cell drop in both, CD8 (Fig. 2a) and CD4 (Electronic supplementary Figure S1a ) T cell subsets. Despite the T cell number decrease, IL-7 plasmatic concentrations were similar in both groups (15.7 pg/mL IQR [11.7-19.3] vs. 14.0 pg/mL IQR [10.8-18 .1] p=0.434, MannWhitney U test). IL-7 provides survival signals on naive T cells but animal models showed that, when IL-7-derived signal is stronger, this could lead to activation and proliferation of naive T cells (Takada and Jameson, 2009 ). Thus, we analyzed whether the drop in naive T cell numbers without IL-7 levels reduction could alter their homeostatic parameters.
In order to check the homeostatic parameters of the naive T cell subset we analyzed activation (CD38 + HLADR + ), proliferating (Ki67 + ) and replicative senescent (CD57 + ) naive T cell levels in both age groups. We found higher levels of activation, CD57 expression and proliferating naive CD8 T cells in the elder group (Fig. 2b-d) . Percentage of peripheral naive CD8 T cells were directly correlated with the percentage of DP thymocytes (Fig. 4b) but showed inverse correlations with percentages of activation, Ki67 and CD57 expression. In addition, statistical significant relationships were found between all the homeostatic parameters (Table 2) .
A similar, but weaker, age-related rise was found at the CD4 compartment. Both, levels of activation and CD57 expression, were significantly higher at the Figure S1b ). Correlations between the percentage of naive T cells and both, percentage of DP or activation levels, were lost. However, a decrease of the naive T cell numbers was significantly associated with an increase in proliferation and replicative senescence levels. In addition, higher naive CD4 T cell proliferating levels were associated with higher CD57 expression (Electronic supplementary Table S1 ). These results suggest a failure of the naive T cell homeostasis, with a different regulation of the naive CD4 and CD8 T cell compartments, with a greater deregulation of the naive CD8 T cells.
Homeostatic defects on naive T cells Aberrant and sustained activation and proliferation rates lead to immunosenescence defects on highly differentiated effector T cells. Analyzing the naive CD8 T cell compartment we have found that abnormal activation and proliferation rates are associated with higher CD57 expression, a replicative senescence marker ( Fig. 2d and Table 2 ). To determine their replicative history, DNA extracted from cell-sorter isolated CD8 + CD45RA + CD27 + naive T cells (Fig. 3a) was analyzed to determine sjTREC counts and telomere length. As shown in Fig. 3b , both sjTREC numbers per naive T cell and telomere length were significantly reduced in the elder group. Diminished sjTREC numbers are an indirect measure of proliferation, since telomere length also indicates replicative senescence. In addition, higher proliferation rates were associated with shorter telomere length (Fig. 3c) ; all results suggesting that defects are due to proliferation in phenotipically naive T cells. Moreover, analyzing the relationship between shortened telomere lengths (a replicative defect) and the percentage of naive CD8 T cells we found that both parameters were closed related (Fig. 3d) . When analyzing the naive CD4 T cell subset, telomere length did not show a significant correlation with proliferation levels (data not shown). However, we also found low sjTREC numbers and shortened telomere length in CD4 naive T cells from elder individuals (Electronic supplementary Figure S1c ). In addition, percentage of peripheral naive CD4 T cells showed an association with the telomere length, but it was weaker than the association found in the CD8 subset (Electronic supplementary Figure S1d ). Taken together, these results suggest that higher activation and proliferation rates shown in elderly naive T cells could affect both, Age-related thymic alterations on CD8 T cell production Naive CD8 T cell subset showed a greater agerelated reduction than CD4 T cells (Fig. 1d) . As previously showed (Ferrando-Martinez et al. 2009 ) elderly individuals show a wide range of thymic functionality that directly affects the naive T cell pool. Percentages of DP thymocytes were analyzed as thymic function gold standard and a representative flow cytometry example is shown as Fig. 4a . Consistent with our results, Fig. 4b shows the relationship between the percentages of naive CD8 T cells and DP thymocytes. Interestingly, naive CD4 T cell levels, which were better preserved, did not show a relationship with the percentage of DP thymocytes (Electronic supplementary Table S1 ).
A quantitative reduction of RTEs, without any other change in the thymocyte distribution, would lead to a similar reduction in both, CD8 and CD4 naive T cells. To analyze whether differences on thymic production could affect peripheral dynamics we evaluated thymocyte distribution in elder individuals. Percentage of DP thymocytes from our old group showed an agerelated reduction (r=−0.601 p=0.002), in agreement with the physiologic thymic failure. A strong relationship was found between the CD4/CD8 ratio from thymic tissue and the percentage of DP thymocytes (Fig. 4c) . Interestingly, all subjects with a very low thymic function, as defined by percentage of DP less than 10%, showed CD4/CD8 ratios higher than two. However, individuals with intermediate thymic function (percentage of DP between 10% and 40%) also had intermediate CD4/CD8 ratios, while higher thymic function (as defined by percentage of DP higher than 40%) showed lower ratios, with similar CD4 and CD8 T cell production. These results and Relative naive CD8 + T cell Telomere Length differences (black circles) among the age groups. c Relationship between proliferation rates and telomere lengths in naive CD8 + T cells. d Relationship between peripheral percentages of naive CD8 + T cells and their Relative Telomere Length suggest that elderly thymic output could be biased to CD4 production.
Discussion
Results of this study show an age-related homeostatic deregulation of the naive T cell compartment. The age-related loss of thymic function leads to decreased naive T cell numbers that are related to higher activation and proliferation rates (mainly in the CD8 T cell compartment) in elderly subjects. Consistent with greater proliferative history, naive T cells from elderly subjects have less sjTREC numbers and shorter telomere lengths. Notably, downsized telomere length (also considered a replicative senescencerelated marker) correlates with both, higher proliferation rates and lower percentages of naive CD8 + T cells. Naive CD4 + T cells, with better preserved numbers in elderly individuals showed, to a lesser extent, a similar deregulated phenotype. The great rise of CD8 + effector cells could be explained by the well known accumulation of clonal populations in elderly people (mostly CMV-specific effector cells), which are senescent and apoptosisresistant (Pawelec et al. 2004 ). Focusing on naive T cells, alterations of the naive/memory T cell ratio has been described in elderly individuals and some immune diseases (Hara et al. 2007; Gress and Deeks, 2009 ). In our cohort, memory T cell numbers did not show an age-related drop, so this ratio was diminished mainly because of the naive T cell loss. In spite of elderly impaired responses to new pathogens, involving naive rather than effector T cells have been described, as far as we know, aged naive T cells have still not been reported. Naylor et al. (2005) firstly reported an age-related naive homeostatic alteration by showing the CD4 T cell repertoire contraction in very old subjects. This interesting study reports an abrupt drop of naive CD4 T cell receptor diversity in people over 75 but, surprisingly, minimal thymic function in 55-year-old people while we show higher heterogeneity of thymic function and earlier naive T cell age-related defects. These differences are probably due to discrepant thymic function measurements and naive T cell definitions, since Naylor et al. defined the naive T cell subset as CD45RA + , while an age-related accumulation of terminally differentiated effector T cells that express CD45RA has been described (Czesnikiewicz-Guzik et al. 2008) .
In non-human primate models Cicin-Saint et al. (2007)) showed an age-related homeostatic increase in both, CD4 and CD8 naive T cell pools. The increase in proliferation rates were strongly related to the naive T cell pool contraction in the CD8 subset. Moreover, Prelog et al. (2009) recently reported that young adults thymectomized in their childhood (an informative group of premature immunosenescence) showed higher rates of naive CD4 T cell proliferation that, eventually, leads to diminished sjTREC numbers at the CD4 naive T cell pool. This study indirectly showed, for the first time in humans, the potential relationship between the loss of thymic function and increased naive turnover rates at the CD4 T cell subset. However, sjTRECs is now preferentially used as peripheral proliferation rather than thymic function measurement (Harris et al. 2005 and FerrandoMartinez et al. 2010b) . Finally, despite the principal age-related impairment is showed at the CD8 T cell subset (Pawelec et al. 2004) , human studies are focused on naive CD4 T cells.
Despite the methodological differences, in agreement with these elegant previous studies, we found alterations at the naive T cell compartment that are consistent with antigen-independent homeostatic proliferation, leading to senescence defects. The slight lymphopenia shown in elderly people reduces self-MHC contacts, needed for naive homeostasis (Takada and Jameson, 2009 ). Besides, IL-7 availability is maintained, or even increased (Ferrando-Martinez et al. 2009 ). Since naive T cell compartment is independently regulated, less MHC contacts, and stronger IL-7-derived survival signals (described as sense of a naive immune space) allow naive T cells to proliferate in a similar way as naive T cells transferred to lymphopenic hosts do (Ernst et al. 1999) .
As a consequence of higher proliferation rates, naive T cells show higher percentages of replicative senescence markers (CD57), shorter telomeres and low sj-TREC numbers. Despite CD57 expression having long been assumed a replicative senescence marker (Brenchley et al. 2003; Pawelec et al. 2006; Czesnikiewicz-Guzik et al. 2008) , some studies focusing on chronic infections have reported that CD57 expression correlates high effector capacities (Chattopadhyay et al. 2009; Barbour et al. 2009 ). Independently of their effector capacities, naive T cells need high proliferation rates to favor a correct immune response. Thus, replicative senescent naive T cells could be considered as non-functional T cells.
Besides, both, low sj-TREC numbers and short telomere lengths are associated with high proliferation rates. A recent murine model shows that short telomeres are enough to induce age-associated defects, resembling those seen in dyskeratosis congenital (Armanios et al. 2009 ). Thus, results suggest that replicative senescent naive T cells could be functionally defective. In this work we used a relative telomere length (RTL) measurement technique previously reported (Cawthon 2002) . Even if this method is not as precise as the quantitative ones, we only wanted to point out differences between two age groups, and our results are independent of the absolute length of the telomeric sequences. Therefore we think that the RTL method is accurate enough for this purpose.
We proposed a dysfunctional aged thymus that could be biased to naive CD4 T cell production. If thymic output is simply reduced, both CD4 and CD8 naive T cells should be identically reduced. However, the naive CD8 T cell subset is more affected. When analyzing thymic production, thymi with higher percentage of DP thymocytes (fully or intermediate functional thymi) showed a CD4/CD8 single positive thymocyte ratio between one and two. Low functionthymi showed intrathymic ratio values twofold higher. Higher death rates shown by peripheral senescent CD4 T cells, but apoptotic-resistant clonal peripheral CD8 T cells, could be affecting thymic production. In this way, accumulation of elderly senescent T cells, which reverse the CD4/CD8 peripheral T cell ratio (Pawelec et al. 2004) , could be forcing a higher CD4 thymic production. However, additional mechanisms could also be contributing. Since naive CD8 T cells show a faster turnover rates, a higher naive to memory conversion could be expected at the CD8 subset. In spite of not observing a higher increase of CD8 memory T cells among the age groups (data not shown) a faster homeostatic memory conversion could not be discarded. Another possible explanation is a higher CD8 naive T cells apoptotic death. Unfortunately, as a limitation of the study, we do not dispose of apoptotic rates or PD-1 expression (Petrovas et al. 2009 ) from CD4 and/or CD8 T cells to clarify this hypothesis and further research is necessary to really clarify this point.
Some authors point out that using CD45RA (Ferrando-Martinez et al. 2010a ).
In conclusion, we show an age-related homeostasis deregulation, leading to accumulation of ageassociated defects on phenotipically naive T cells. Functionally defective naive T cells, added to greatly diminished numbers, could be an important cause of elderly impaired responses to newly encountered pathogens. However, further in vitro functional studies are necessary to guarantee that phenotipically senescent naive T cells show loss of functionality.
